The Coulomb interaction of a charged test particle with an electron plasma whose unperturbed velocity distribution has different temperatures along and across a certain axis is kinetic-theoretically investigated. In the linear approximation, the binary correlation being neglected, the electric potential and energy loss of a charged test particle and the dielectric constant are derived. By introducing an angular-dependent temperature, the dispersion relation and damping constant of plasma oscillations are written by the same form as in the case of an isotropic temperature plasma. § I. Introduction Since the appearance of Landau's paper 1 > concerning plasma oscillations, many authors treated the problem of the Coulomb interaction in a plasma with an isotropic velocity distribution. However, the velocity distribution of plasma particles are actually not always isotropic, especially when an external magnetic field is applied. For example, the distribution of plasma particles is not the Maxwellian during the non-collisional heating of plasma.
Since the appearance of Landau's paper 1 > concerning plasma oscillations, many authors treated the problem of the Coulomb interaction in a plasma with an isotropic velocity distribution. However, the velocity distribution of plasma particles are actually not always isotropic, especially when an external magnetic field is applied. For example, the distribution of plasma particles is not the Maxwellian during the non-collisional heating of plasma.
The aim of the present paper is to study the influences of anisotropy in the unperturbed velocity distribution on the Coulomb interaction in a plasma. For simplicity, we shall consider the case of 'an electron plasma without an external magnetic field, and such an anisotropic state may be obtained just after the noncollisional heating. The results obtained in this paper may also be helpful for comparison with the case of a plasma in a magnetic field, and the latter case will be treated in a forthcoming paper. 2 
>
In the next section, following the approach as· that used by Gasiorowicz et al.,S> we solve the linearized equation for the distribution function of plasma electrons where the test particle will be regarded as an external source of force, and derive the expression of the dynamical potential. As a special case of the ·dynamical potential, the electrostatic one is discussed in § 3. In § 4, the generalized dielectric constant of the plasma is defined, and the. dispersion relation and damping constant of plasma oscillations are derived. The formula of the energy loss of the test particle is obtained in the last section.
*) Now at Department of Physics, Niigata University, Niigata. § 2. Fundamental equations and dynamical potential It is assumed that the unperturbed distribution function of plasma electrons IS given by (2 ·1) where N is the electron density; v:c, Vy and v, are velocity components in the x, y and z directions respectively; (1 ~ and (1, are defined by
where m is the electron mass, T ~ and T, are temperatures in the xy-plane and along the z-axis respectively.
At time t = 0, it is assumed that the distribution function is disturbed slightly from Eq. (2 ·1) by the test particle. For the distribution function at time t>O, let us put
where h (r, v, t) is a small perturbation. In the integrated Liouville equation, we neglect the two-body correlation and assume that fa~ I hi and the relaxation time between two temperatures is large enough to be li7fo/l1tl<lo.fi/otl. Then we have the linearized equation, viewed from the system moving with the test particle, as follows :
where E 0 is the electric field due to the test particle (charge q0, velocity v0) ; and -e, m are the charge and mass of electrons. Here <p (r, t) is the potential due to the polarization :
and it satisfies Poisson's equation:
After the Fourier and Laplace transformation, we get from Eq. (2 · 4)
the initial value of the Fourier transform of h (r, v, t) being taken to be zero according to our assumption, and from Eq. (2 · 6) we have
where g (k, v, s) and (/) (k, s) are the Fourier and Laplace transform of h (r, v, t)
and rp(r, t) respectively:
The solution of Eqs. (2 ·7) and (2 · 8) is written as
where
If we add the Fourier and Laplace transform of the self-potential, (/)" (k, s) = 4rrq0/sk 2 , to W(k; s), we get the Fourier and Laplace transform of the total potential due to the test particle in the plasma
Taking k in the xz-plane as shown m Fig. 1 , and integrating Eq. (2 ·11) with Vy, we have "J(k )-2 2 -10 .ofj" ( .02 2 02 2) f3lkj_v:c+Pz
where k.l and k. are components of the wave vector k along the x-and z-ax1s, and wp 2 =4rrNe 2 /m. Transforming the coordinate from the system (x, y, z) to (x', y, z') (see Fig. 2 ), and integrating with v;, we have
where {9 . is the mverse of the root mean square velocity m the k-direction, defined as
Here, the temperature m the direction of k, T (tJ), is given by
In Eq. (2 ·14) we consider a limiting case, Re (s) = Sc-'>0. As is well known, if necessary, it is possible to consider the case of finite s1, and also to consider the case of s1<0 by the analytic continuation.
By using a relation ll ·m 1 where w and _k are the frequency and wave vector in the rest system of the plasma and k is approximately equal to the wave vector, used before, viewed from the moving system. § 3. Electrostatit? potential
The Fourier and Laplace transform of the electrostatic potential due to the test particle is obtained from Eq. (2 ·12), by putting v0 = 0 and s--'>0, as follows :
Therefore, the electrostatic potential is symmetric about the z-axis. Introducing the cylindrical coordinate r= (,n, 0, z) and k= (kj_, ¢, k.), we obtain, for the inverse transform, Let us write the solution of ( 4 · 5) as w-ir, where w and r >o are real and r/oJ is assumed to be much less than unity. Then, provided that flw>k, we find the dispersion relation of plas~a waves, to the first order of r / w, as follows:
in which the following asymptotic expansion has been used
2x 2 4x 4
Thus we obtain from Eq. (4·6)
which is the generalization of the well-known dispersion relation. It is found from Eq. ( 4 · 7) that the frequency and phase velocity of plasma waves are larger in the direction of higher temperature than those in the direction of lower temperature. Also, the generalization of the Landau damping is given by
The damping constant of plasma waves depends upon the direction of propagations and is larger along the direction of .higher temperature, because the damping arises from the interaction between thermal motions of electrons and plasma waves. § 5. Energy loss
The energy loss of the test particle moving through the pla~ma is derived by making use of Eqs. (4·1) and (2·17), where we should take a limit s~+O. The energy loss per unit path length is (5·1) where dl is a line element along the path of the test particle and
S_,.+O
Of course, Eq. (5 ·1) may be rewritten by making use of the dielectric constant.
The integral of Eq. (5 ·1) is approximately splitted into two parts, namely, the contributions from the region k>kd (short-range interaction) and from the region k<kd (long-range interaction),*> where kd is the smaller one of kdj_ and kdz· (1) k<kd When lrvofll :S1, the contribution from this region is negligibly small compared with that from the short-range interaction. While, if lr9v0pl ~ 1, the test particle can emit the plasma waves by the Cerenkov-like effect, whose contribution for the energy loss is easily found as in which k1 may be nearly equal to kd approximately. formula has been used :
Here, the next asymptotic from which the Cerenkov relation for the plasmon. emisswn IS obtained :
The anisotropy of electron temperature hardly has an effect upon the energy loss due to plasmon emissions, because the plasmon emission is possible only for the fast test particle and not affected actually by the thermal motion of plasma electrons.
(2) k>kd As I'X11 and I'X2 1 in this region are usually smaller than k 2 , the interaction IS considered to be non-resonant and we have
where k2 IS a maximum wave number allowed in our treatment and p is given by.
f1 =sin fJ sin (} cos 9 + cos fJ cos f},
where fJ=v0e., f}=~z and 9 is the angle between the planes (v0 ez) and (kez)
as shown in Fig. 3 , From the above results, we may conclude that if {1v0~ 1 the· anisotropy of electron temperature has not large effect on the energy loss of the test particle.
